Several mutants of the Mahoney strain of poliovirus type 1 have been generated by introducing mutations into the stem-loop II (SLII) structure within the internal ribosomal entry site (IRES). Four of these mutants (SLII-1, -4, -5 and -6 mutants) have been characterized previously and are hostrange mutants that replicate well in human HeLa cells but not in mouse cells. Two deletion mutants, SLII-2 and SLII-3, were non-viable, even in HeLa cells. It is now reported that SLII-2 was defective in genome RNA synthesis and viral protein synthesis, while SLII-3 was defective only in viral protein synthesis. These results indicate that the SLII region contains a cis-element for RNA replication as well as for IRES-dependent translation and that these two functions lie at the same sites within the SLII region. The host cellular factors that interacted with wildtype SLII and mutant SLII-2 and SLII-3 RNAs were different, suggesting that different host-factor binding regulates expression of mutant phenotypes.
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The genome of poliovirus is a single-stranded, positive RNA composed of approximately 7500 nucleotides, to which a small protein, VPg, is attached at the 5h end (Lee et al., 1977 ; Nomoto et al., 1977) and which has a poly(A) tract at the 3h end (Yogo & Wimmer, 1972) . The genome RNA itself functions as mRNA and contains a long, highly structured 5h non-coding region (NCR) of 742 nucleotides in poliovirus type 1. Translation is initiated by entry of ribosomes into the internal ribosome entry site (IRES) (Jang et al., 1988) within the 5h NCR (Sonenberg, 1989) . Six stem-loop (SL) structures (SLI, II, III, IV, V and VI) were predicted within the 5h NCR . SLI, a possible cloverleaf-like structure, is thought to be required for the initiation of virus RNA replication, and SLII, IV, V and part of VI are thought to be required for virus Author for correspondence : Kazuko Shiroki.
Fax j81 3 5449 5408. e-mail kshiroki!ims.u-tokyo.ac.jp internal translation initiation (Meerovitch et al., 1991 ; Nicholson et al., 1991 ; Wimmer et al., 1993) .
Six poliovirus mutants were constructed by introducing mutations into the SLII region, and were named SLII-1 to -6. Four of these mutants, SLII-1, -4, -5 and -6, proliferated well in human HeLa cells but not in mouse TgSVA cells, because of defective translation initiation in mouse cells (Shiroki et al., 1997) . The other two mutants (SLII-2 and -3) showed no proliferation even in HeLa cells. In this report, these two nonviable mutants were characterized.
We introduced mutations into nt 128-134 of the wild-type (WT) genome by using a site-directed mutagenesis technique as described previously (Shiroki et al., 1997) , generating SLII-2, with a deletion of nt 143-148, and SLII-3, with deletions of nt 137-141 and 150-154 (Fig. 1 a) . Infectious cDNAs of these two mutants and WT, as a control, were transcribed in vitro with T7 RNA polymerase. HeLa cells transfected with these RNAs were observed for cytopathic effect until 6 or 7 days after transfection, when most cells were rounded and detached. Poliovirus was recovered from the cells transfected with WT RNA but not from the cells transfected with mutant RNAs (data not shown). Thus, SLII-2 and SLII-3 seemed to be nonviable in HeLa cells.
In order to determine the defective steps in the virus replication cycle of these mutants, the translation and RNA replication activities of these mutants were analysed. Translation ability was analysed in a cell-free translation system by using HeLa S10 extract. As shown in Fig. 1 (c) , a protein of 66 kDa was detected in the translation products of WT RNA, but not in the products of SLII-2 and -3 mutant RNAs. This indicates strongly that the IRES activities of both the mutants are defective, resulting in non-viability.
In cells transfected with SLII-2 and -3 mutant RNAs carrying defective IRESs, viral RNA synthesis cannot occur, even if there is an efficient initiation signal for RNA synthesis, because no viral proteins, including RNA polymerase 3D, are produced in transfected cells. To produce virus replication proteins independently of the poliovirus IRES, Molla et al. (1992) and Borman et al. (1994) used a bicistronic recombinant genome in which an encephalomyocarditis virus (EMCV) IRES was inserted at the junction of poliovirus structural (P1) and non-structural (P2, P3) protein regions. In this system, viral The in vitro transcripts were incubated at 32 mC for 60 min in the S10 fraction, which was prepared from HeLa cells, and treated with micrococcal nuclease, as previously described (Ishii et al., 1998 ; Shiroki et al., 1997) . The translation mixture in sample buffer was heated at 100 mC for 10 min and separated by 10 % PAGE. After fixation with 10 % acetic acid and 50 % methanol, the gels were dried and exposed to X-ray film. The position of the product (66 kDa) is indicated by an arrow.
RNA replication is initiated by RNA polymerase translated from the EMCV IRES even if translation driven by the poliovirus IRES is defective as long as the RNA replication signal is still active. Bicistronic SLII-2, SLII-3 and WT genomes were constructed in a similar manner and designated SLII-2-E, SLII-3-E and WT-E. When these RNAs were transfected to HeLa cells, infectious virions were recovered only from WT-Etransfected cells, because capsid proteins were not translated in the cells transfected with SLII-2-E and SLII-3-E. Virus from WT-E was infectious and RNA replication was reinitiated by secondary infection. Therefore, it is impossible to compare exactly the RNA replication ability of SLII-2-E and SLII-3-E with that of WT-E by measuring the amount of viral RNA extracted from transfected cell cultures. To compare the relative ability for RNA replication of these viruses, an inframe deletion was introduced into the P1 region (nt 1172-2470), resulting in deletion mutants that act as defective interfering (DI) genomes (Hagino-Yamagishi & Nomoto, 1989) , and were designated D-E-SLII-2, D-E-SLII-3 and D-E-WT (Fig. 2 b) . As a control, the same deletion was introduced into SLII-2, SLII-3 and WT and these deletion mutants were designated D-SLII-2, D-SLII-3 and D-WT (Fig. 2) . By using these DI genomes, the RNA replication ability of the mutants and WT was assayed (Fig. 2 b) . RNAs of D-WT and D-E-WT, used as a positive control, accumulated in a time-dependent manner, as expected from previously published results (Hagino-Yamagishi & Nomoto, 1989 ; Borman et al., 1994) .
There was no accumulation of D-SLII-2 and D-SLII-3 RNA because of defective translation of viral proteins. D-E-SLII-2 RNA appeared not to be synthesized. Since the non-structural proteins must be translated, the SLII-2 mutation is thought also to be defective for RNA replication. D-E-SLII-3 RNA was synthesized, and therefore the SLII-3 mutation was active for viral RNA replication. The introduction of deletions into the SLII region abolished virus replication. In both SLII-2 and SLII-3 mutants, translational defects blocked virus replication. Of these two mutants, SLII-2 was also defective for viral RNA replication. This indicates that the SLII region contains two cis-acting signals, for internal translation (IRES function) and RNA replication. Our previous report suggested that nt 133 within the SLII region is a cis-acting signal for RNA synthesis (Shiroki et al., 1995) . This paper shows a new site within the SLII region to be a cis-element for RNA replication. Poliovirus RNA replication had previously been thought to require only the 5h-proximal region of approximately 100 nucleotides (Andino et al., 1990 (Andino et al., , 1993 . However, Borman et al. (1994) showed that there are also cis-elements for RNA synthesis in the 3h region of the 5h NCR. These authors showed that a three nt deletion at position 500 reduced both translation efficiency and RNA synthesis, and that disruption of the secondary structure of the IRES around nt 343 reduced viral RNA replication but had minimal effects on IRES function. Both mutations were in loops of the secondary structure of the IRES. The SLII-2 mutation leads to (Hagino-Yamagaishi & Nomoto, 1989) . At the times indicated, cytoplasmic RNAs were extracted from transfected cells and denatured. Almost all of each RNA sample was applied to a slot of a slot-blot apparatus (Manifold II ; Schleicher & Schuell) and immobilized on a nylon membrane. The membranes were hybridized to a 32 P-labelled cDNA probe corresponding to nt 4684-7108 of the poliovirus genome. Fig. 3 . UV cross-linking assay.
32 P-labelled RNAs (nt 1-730) of WT, SLII-2 and SLII-3 were synthesized from cDNAs that had been linearized by digestion with MunI (nt 730). A HeLa S10 extract was fractionated by hydroxyapatite column chromatography (ceramic hydroxyapatite type II, 5 ml ; Bio-Rad). Fractions were eluted by a linear gradient of 10-400 mM sodium phosphate buffer (pH 6n8). Each fraction was mixed with the indicated RNAs and UV cross-linked under conditions described previously . Fraction 19 (280-300 mM sodium phosphate) is shown. These reaction mixtures were dissolved in sample buffer and applied to SDS-PAGE. After electrophoresis, the gels were dried and autoradiographed. A very prominent band that cross-linked to all RNAs used was identified as polypyrimidine tract-binding protein (data not shown).
disruption of the loop of the SLII region and reduces translation efficiency and RNA synthesis. The SLII-3 mutation, with a deletion of 10 nt, leads to disruption of the stem of the SLII region and reduces only translation efficiency. Thus, nucleotide sequences within the 5h NCR downstream of nt 100 may play some role in RNA synthesis. Lu & Wimmer (1996) showed that the poliovirus IRES can be replaced by that of hepatitis C virus (HCV), which appears to have a totally different structure. It is therefore possible that certain genetic segments of the HCV IRES share some functions with the poliovirus IRES element.
Many host-cell factors are necessary for poliovirus RNA replication or internal translation, including PTB, La protein, Sam68 and PCBP-1 and -2, the last two being required specifically for RNA replication (Andino et al., 1990 (Andino et al., , 1993 Blyn et al., 1997 ; Gamarnik & Andino, 1997 ; Hellen et al., 1993 ; McBride et al., 1996 ; Meerovitch et al., 1993 ; Parsley et al., 1997) . Viral and\or host cellular proteins may interact with the SLII region and blockage of this interaction by mutation may result in defective viral RNA replication or translation. To investigate this possibility, a UV cross-linking assay was performed by using $#P-labelled, positive-strand RNA (nt 1-744) of WT, SLII-2 and SLII-3 as a probe. As shown in Fig.  3 , the electrophoretic patterns were different for WT, SLII-2 and SLII-3. A 92 kDa protein bound to WT RNA and a 70 kDa protein bound mainly to SLII-2 RNA. Based on the loss of T. Ishii and others T. Ishii and others translational activity in both mutants and the loss of RNA replication activity in SLII-2, this 92 kDa protein may be an essential factor for poliovirus translation and the 70 kDa protein may be an inhibitor of RNA synthesis. In order to confirm this hypothesis, these 92 and 70 kDa proteins must be characterized.
